Introduction {#Sec1}
============

Neonatal hypoxic ischemic encephalopathy (HIE) is an acute brain injury caused by a hypoxic ischemic insult (HI) due to the disruption of cerebral blood flow and oxygenation \[[@CR1]\]. It is one of the most common causes of neonatal death and the most frequent cause of acquired infant brain injury, accounting for approx. 1.5 out of every 1000 live births \[[@CR2]\]. It may result from placental abruption, uterine rupture, placenta previa, maternal hypotension, obstructed labour or umbilical cord prolapse \[[@CR1], [@CR3]\].

The methods currently used to diagnose HIE are inaccurate, and there is an urgent need for reliable and rapidly quantifiable biomarkers of HIE severity \[[@CR4], [@CR5]\]. HIE is a rapidly evolving injury, with initial cell death occurring within minutes of the HI \[[@CR6]\], and secondary injury following an interval of reperfusion, occurring approximately 6--12 h thereafter \[[@CR1], [@CR7]\]. Therapeutic hypothermia (TH) improves outcome in moderate to severe HIE, but rapid diagnosis and application within 6 h is required for it to be neuroprotective \[[@CR5], [@CR8]--[@CR10]\]. With currently available diagnostic methods, this therapeutic window is often missed \[[@CR11]\].

The precise timing of the HI is very difficult to estimate in human neonates. Animal models are necessary to allow control of the timing and duration of the injury. This in turn allows us to examine the timing of HIE-associated molecular alterations and injury mechanisms \[[@CR12], [@CR13]\]. There is growing recognition that large animal and particularly porcine models are more translational \[[@CR14]--[@CR16]\].

miRNAs are small, ubiquitous, non-coding RNA molecules with a hairpin structure \[[@CR17]\], which readily cross the blood brain barrier (BBB) to the area of HI \[[@CR18]\]. miRNAs play a role in negative regulation of gene expression via inhibition of target messenger RNA (mRNA) translation. Key roles have been defined for miRNAs in mRNA cleavage, differentiation and proliferation, cell death, developmental timing, cellular physiology and spatial patterning of cell fate \[[@CR17], [@CR19], [@CR20]\]. It has been proposed that each type of cell at each stage of development may have unique miRNA profiles which 'micromanage' transcriptomic outputs \[[@CR17]\].

Hypoxic events are believed to trigger the production of different miRNAs \[[@CR21]\] which cross the BBB and migrate to the area of hypoxic ischemic injury via vectors \[[@CR18]\] such as exosomes \[[@CR22], [@CR23]\]. These miRNAs can be found in the circulation and may act as biomarkers for disease and disordered states such as HIE depending on their levels of expression \[[@CR24]\] or 'signatures' \[[@CR25]\]. Dharap et al. noted that multiple miRNAs exhibit rapid temporal alterations in their expression levels after an ischemic insult in the adult rat \[[@CR26]\], while Ziu et al. have reported that a hypoxic insult causes temporal alterations in miRNA expression in vitro \[[@CR27]\]. Our group, among others, have reported that miRNA profiles are altered in umbilical cord blood in humans following a HI, and may have potential in early detection of HIE \[[@CR5]\]. However, little is still known about the timing of these changes, whether these miRNAs are conferring protection or damage, or in fact whether similar profiles will be observed in a piglet model.

In this study, we examined the expression profile of all miRNAs in HIE infant umbilical cord blood, and then investigated the evolution of their expression in the circulation of a clinically relevant porcine model of HIE. Following this, we investigated functional effects of inhibiting miRNA in vitro*.* This is the first study of its kind to explore the circulating temporal whole blood profile of miRNA alterations in a large in vivo model of HIE with accompanying functional analysis. We have reported that miR-374a, miR-181b, miR-181a, miR-151a, miR-148a and miR-128 may be cross-species/bridging early biomarkers of HIE, with miR-374a, miR-181b and miR-181a levels indicative of moderate-severe injury specifically. miR-181a inhibition increased neurite length in vitro in two different types of cell culture---the SH-SY5Y cell line and primary cultures of E14 rat midbrain---and increased expression of BMPR2 in differentiating SH-SY5Ys. Therefore, this miRNA may be a potential therapeutic target with neuroprotective effects.

Results {#Sec2}
=======

miRNAs Are Significantly Altered in Neonates Who Sustain a Moderate-Severe HI {#Sec3}
-----------------------------------------------------------------------------

To identify miRNAs of interest which differed between HIE neonates and healthy controls, RNA sequencing was performed (Fig. [1a](#Fig1){ref-type="fig"}). Analyses of previously performed microarray data showed altered expression levels in 70 miRNAs in umbilical cord whole blood in infants with moderate and severe HIE compared with controls and this data have been previously reported by our group \[[@CR5]\]. The results were taken together with those from RNA-seq to aid in selection of miRNAs of interest.Fig. 1Analysis of miRNAs detected by RNA-seq in neonatal umbilical cord blood samples. **a** Schematic illustrating the process from obtaining initial samples from umbilical plasma to identification of differentially expressed miRs, followed by eventual examination in the porcine model. **b** Venn diagram showing that 55 miRNAs are significantly differentially expressed in the comparison between moderate-severe infants and controls. No significant differential expression occurred in of any miRNAs in the moderate-severe vs mild comparison or moderate-severe vs PA. A total of 96 miRNAs were not significantly differentially expressed. **c** PCA of PC1 vs PC2 and PC2 vs PC3 for normalised log-CPM values in the data. Each dot represents one sample. **d** Fold change of total counts per sample mapped to human miRBase V21 after filtering out miR-486-5p

Fifty-five miRNAs were significantly differentially expressed in the comparison between moderate-severe infants and controls (Fig. [1b](#Fig1){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}). There was no significant differential expression of any miRNAs in the moderate-severe vs mild comparison or moderate-severe vs PA. Ninety-six miRNAs were not significantly differentially expressed.Table 1Differential expression analysis showing miRNAs with an adjusted *p* value \< 0.05 following linear modelling in limma with empirical Bayes moderation*. logFC* log fold changeUpregulated*logFCadj.P.Val*Downregulated*logFCadj.P.Valhsa-mir-183-5p*3.7820530.00059*hsa-mir-181b-5p*− 1.121370.030304*hsa-let-7g-5p*3.6833470.000147*hsa-mir-744-5p*− 1.408140.033976*hsa-mir-127-3p*3.0442570.001585*hsa-mir-423-3p*− 1.432420.005281*hsa-mir-151a-3p*3.014090.000205*hsa-mir-151a-5p*− 1.701680.003836*hsa-mir-941*2.9205340.002135*hsa-mir-148a-5p*− 1.712050.016131*hsa-mir-7706*2.7596760.004994*hsa-mir-30c-5p*− 1.723370.014088*hsa-mir-199b-3p*2.6707480.000616*hsa-mir-335-5p*− 1.785590.014088*hsa-mir-221-3p*2.6214610.002777*hsa-mir-223-5p*− 1.844760.01992*hsa-mir-363-3p*2.5844540.00103*hsa-mir-181a-3p*− 1.896970.017358*hsa-mir-486-3p*2.5672540.004722*hsa-mir-140-3p*− 1.92880.004994*hsa-mir-142-5p*2.4531820.002543*hsa-mir-181a-2-3p*− 2.03080.006182*hsa-let-7f-5p*2.4505590.002593*hsa-mir-1307-3p*− 2.183760.004357*hsa-mir-1246*2.3994640.002515*hsa-mir-1285-3p*− 2.243140.042551*hsa-mir-192-5p*2.3918350.001843*hsa-mir-1304-3p*− 2.275370.013198*hsa-let-7a-5p*2.2611120.001843*hsa-mir-23a-3p*− 2.350760.001843*hsa-mir-28-3p*2.1944430.002828*hsa-mir-21-3p*− 2.454720.001843*hsa-mir-26b-5p*2.0576070.003501*hsa-mir-150-5p*− 2.589860.001997*hsa-mir-421*2.052280.002506*hsa-mir-320b*− 2.601660.002135*hsa-mir-301a-3p*2.021680.009367*hsa-mir-30b-5p*− 2.769870.00059*hsa-mir-106b-5p*1.9901670.01992*hsa-mir-342-3p*− 2.813390.00059*hsa-mir-584-5p*1.9217020.002593*hsa-mir-30e-3p*− 3.169890.000465*hsa-mir-128-3p*1.8962040.004346*hsa-mir-26b-3p*− 3.302170.000147*hsa-mir-27b-3p*1.8807670.006182*hsa-mir-877-5p*− 5.255430.00011*hsa-mir-19b-3p*1.8621580.02526*hsa-mir-134-5p*1.5580910.02526*hsa-mir-16-2-3p*1.5357840.030047*hsa-mir-223-3p*1.513880.012056*hsa-mir-19a-3p*1.4831480.035442*hsa-mir-92b-3p*1.4820610.016793*hsa-mir-98-5p*1.4726110.00603*hsa-mir-378a-3p*1.4379220.005906*hsa-mir-186-5p*1.1751610.028013

The dynamics of the dataset were revealed by converting a set of observation variables into a set of linearly uncorrelated principal component (PC) values. PCs may reveal relationships between variables. PC1 represents the largest proportion of variation, with smaller effects seen in subsequent PCs. Samples should ideally cluster to the condition of interest, with outliers also identifiable. If samples cluster to anything besides our condition of interest, i.e., moderate-severe HIE, this should be included in linear modelling. Each dot in Fig. [1](#Fig1){ref-type="fig"} c represents a sample, and these are coloured and labelled according to patient group. There was an obvious clustering of controls and most of the mild HIE samples, with PA samples spread across the two clusters. The moderate-severe infant samples clustered towards the top of the plot.

Count-based miRNA expression data were generated from the RNA-seq data by mapping against human miRBase V21 \[[@CR28]\]. One hundred fifty-one miRNAs were selected for inclusion in analyses. The total number of counts per sample mapped to human miRBase V21 after filtering is shown in Fig. [1](#Fig1){ref-type="fig"} d.

A panel of 11 miRNAs were selected for analysis of expression in the piglet model, as they were significantly differentially expressed in the RNA-seq and/or microarray. These included miR-27b, miR-30b, miR-30c, miR-128, miR-140, miR-148a, miR-151a, miR-181a, miR-181b, miR-374a and miR-376a. These were chosen due to a significant fold change in expression seen between HIE and controls in both or either the RNA-seq and microarray, availability of *ssc* compatible PCR primers and also as the majority of these miRNAs are brain enriched in both humans and pigs---determined via Ensembl \[[@CR29]\].

Physiological Parameters of HI in Piglets Reflect Those Observed in Neonates {#Sec4}
----------------------------------------------------------------------------

Prior to studying miRNA expression in our model organism of interest, we first sought to determine whether the experimental model of HI displayed similarities to the human condition. Utilising the piglet model of HIE, we were able to measure physiological parameters at specific timepoints. Arterial blood gas sampling baseline, during HI and throughout the post-insult period, was performed in control and HI animals. Blood physiological parameters included pH, pO~2~, pCO~2~, ABE, HCO~3~, Hb, Glu, Lac and iO~2~%. Mean arterial blood pressure (MABP) was also measured throughout.

Pre-insult, the parameters did not differ significantly between HI and control animals. At the end of the insult, multiple parameters differed significantly in HI compared with controls. MABP was significantly lower when compared with healthy controls (*p* = 0.001). Control piglets MABP remained \> 35 mmHg, while HI piglets spent an average of 7.95 min below 35 mmHg and 0.89 min below 20 mmHg. One hour after the insult was terminated, reduced arterial pH and ABE and elevated lactate persisted (Table [2](#Tab2){ref-type="table"}).Table 2Physiological characteristics of both HI and control piglets. Parameters were measured before the HI, and at the end of the HI, and also 1 h post-HI. All measures were mean ± standard deviation or median (IQR). *P* values were calculated either by independent samples *T* test or Mann-Whitney *U* test, depending on distribution of the data. PO~2~ and pCO~2~ were measured in mmHg, ABE, HCO~3~, glucose and lactate were measured in mmol/L and Hb was measured in g/L. † denotes statistical significance between HI animals and controlsControlHI*p* valuePre-insult  pH7.44 ± 0.057.43 ± 0.030.190  pO~2~90.35(33.68)85.7(19.13)0.173  pCO~2~41.17 ± 5.2842.32 ± 3.370.268  ABE2.17 ± 4.363.54 ± 1.600.364  HCO~3~26.2(1.9)27(2.05)0.066  Hb90.5 ± 23.6388.2 ± 12.560.789  Glucose6.71 ± 1.0112.97 ± 19.550.628  Lactate1.42 ± 0.451.89 ± 1.310.413  iO~2~%21 ± 021 ± 0--End insult  pH†7.46 ± 0.116.90 ± 0.13\< 0.0001  pO~2~†96.24 ± 22.6026.48 ± 4.10\< 0.0001  pCO~2~44.68 ± 5.0954.15 ± 20.230.217  ABE†3.97 ± 2.58−  21 ± 5.59\< 0.0001  HCO~3~†27.9 ± 2.297.98 ± 2.94\< 0.0001  Hb96.87 ± 12.3596.9 ± 16.520.995  Glucose†6.86 ± 0.729.64 ± 3.240.047  Lactate†1.93 ± 1.0315.22 ± 4.21\< 0.0001  iO~2~%†215.5(2.5)\< 0.00011-h post-insult  pH†7.41 ± 0.057.25 ± 0.120.007  pO~2~88.45(8.6)89.3(21.8)0.625  PCO~2~47.05 ± 4.3643.92 ± 5.260.223  ABE†4.58 ± 2.27−  7.75 ± 5.62\<  0.0001  HCO~3~†28.57 ± 2.1218.26 ± 4.26\<  0.0001  Hb95.5 ± 13.0590 ± 12.730.421  Glucose6.4 ± 0.76.64 ± 2.980.836  Lactate†1.77 ± 0.886.54 ± 2.80.001  iO~2~%21(1)21(5.25)0.289

The Basal Ganglia, Temporal Cortex, Cerebellum and Hippocampus Sustain Injury in the Piglet Model {#Sec5}
-------------------------------------------------------------------------------------------------

To determine whether the physiological changes were also paralleled by brain injury, we performed histopathological examination using H&E staining of HI piglet brain tissues. This demonstrated that moderate to severe neuronal injury was achieved in five of eight piglets. Figure [2(A)--(H)](#Fig2){ref-type="fig"} illustrates the observed cellular differences between control (Fig. [2(A), (C), (E), (G)](#Fig2){ref-type="fig"}) and HI (Fig. [2(B), (D), (F), (H)](#Fig2){ref-type="fig"}) porcine brains. The hypoxic-ischemic basal ganglia (Fig. [2(B)](#Fig2){ref-type="fig"}), temporal cortex (Fig. [2(D)](#Fig2){ref-type="fig"}), cerebellum (Fig. [2(F)](#Fig2){ref-type="fig"}) and hippocampus (Fig. [2(H)](#Fig2){ref-type="fig"}) displayed substantial cellular damage compared with controls (Figs. [2(A), (C), (E), (G)](#Fig2){ref-type="fig"}). Two piglets displayed mild damage. One died at 8-h post-HI due to cardiac arrest secondary to severe HI and was excluded from further histopathological analysis; another from the HI group was excluded from histopathological analysis due to the entire brain being haemorrhagic. Brain tissue was not collected from another due to coexisting infection.Fig. 2Hypoxic Ischemic exposure leads to neuropathological changes and increases in cerebral metabolite ratios. (A--H) H&E staining of *n* = 10 controls (A, C, E, G) versus *n* = 7 HI (B, D, F, H) porcine brains illustrating increased cellular neuronal injury (A, B) represent the basal ganglia (BG), (C, D) represent the temporal cortex (TC), (E, F) represent the cerebellum (CB) and (G, H) represent the hippocampus (Hipp). A--F are × 40 images, with 10-μm scale bars. (G, H) × 20 images, with 25-μm scale bars. (I, J) Histogram showing mean neuropathology in (I) the overall scaled neuropathology score between the two groups and (J) individual brain regions. (K) Histogram of magnetic resonance spectroscopy (MRS) data of metabolite ratios in *n* = 9 controls versus *n* = 5 HI animals for both Lac/NAA and Lac/Cr. All data are mean ± SEM (\* = *p* ≤ 0.05, \*\* = *p* ≤ 0.01, \*\*\* = *p* ≤0.001; Mann-Whitney *U* tests)

Using the described scoring system (Total histopathology)(*n* total brain areas)/(*n* brain areas scored) \[[@CR15]\], we determined that the brains of HI animals were significantly more damaged than those of the controls (Fig. [2(I)](#Fig2){ref-type="fig"}) confirming that a moderate-severe injury was achieved (*p* = 0.01). The most prominent areas of injury were the basal ganglia (BG) (*p* = 0.002), hippocampus (Hipp) (*p* = 0.007), frontal cortex (FC) (*p* = 0.012) and temporal lobe (TC) (*p* = 0.013). The cerebellum (CB) (*p* = 0.069) and thalamus (Th) (*p* = 0.079) displayed a milder degree of damage, while the brainstem (BS) (*p* = 0.221) was relatively spared with no significant injury observed compared with controls. No significant neuropathology was noted in the control brain tissues (Fig. [2(J)](#Fig2){ref-type="fig"}), in agreement with findings from H&E staining.

Lac/Naa and Lac/Cr MRS Ratios Are Altered in Response to HI {#Sec6}
-----------------------------------------------------------

To further confirm that piglets had experienced significant HI, in vivo MRS was performed at 70-h post-HI, prior to euthanasia. This demonstrated that metabolite ratios were significantly increased in HI animals for both Lac/NAA (*p* = 0.02) and Lac/Cr (*p* = 0.003) when compared with healthy controls (Fig. [2(k)](#Fig2){ref-type="fig"}). There was no significant alteration in metabolite ratios for any other measurement (data not shown).

Expression of Six miRNAs Altered 1 h After HI {#Sec7}
---------------------------------------------

Having validated the model, we next examined whether there were any temporal differences in circulating miRNA expression in HI piglets compared with controls.

Several samples were excluded from the final analysis due to clotting of sample or poor RNA yield, which we set at \< 100 ng/μl. The final sample numbers for HI animals was *n* = 9 at 0 h, *n* = 8 at 1 h, *n* = 9 at 2 h, *n* = 8 at 8 h and *n* = 4 at 72 h. The final sample number for healthy controls was *n* = 5 at 0 h, *n* = 9 at 1 h, *n* = 8 at 2 h, *n* = 6 at 8 h and *n* = 7 at 72 h. These numbers remained consistent across all miRNAs tested. Of the 11 original miRNAs selected for investigation, six displayed significantly altered expression in a consistent temporal pattern (*p* ≤ 0.05) (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3His1tograms representing Log~1\ 0~2^−^∆∆CT of significantly altered miRNAs **a** miR-148a, **b** miR-181b, **c** miR-128, **d** miR-181a, **e** miR-151a and **f** miR-374a at 0 h, 1 h, 2 h, 8 h and 72 h in controls and post-HI with evolution over time. All data are mean ± SEM; two-way ANOVA with post hoc uncorrected Fishers LSD test. A single asterisk indicates statistical significance of between cases and time-matched control samples, \*\* = *p* ≤ 0.01, \*\*\* = *p* ≤ 0.001

Two-way ANOVA analysis showed that there was a significant alteration in the expression of miR-148a over time (*F*~(4,63)~ = 15.94; *p* \< 0.0001). Post hoc uncorrected Fisher's LSD testing revealed miR-148a was significantly upregulated at 1 h in HI animals when compared with healthy time-matched controls (*p* = 0.0256) (Fig. [3a](#Fig3){ref-type="fig"}). miR-181b expression was significantly altered over time (*F*~(4,63)~  = 30.44; *p* \< 0.0001) and also due to HI exposure (*F*~(1,63)~  = 7.293; *p* = 0.0089). Significant upregulation of miR-181b occurred in HI animals at both 1 h (*p* = 0.0009) and 72 h (*p* = 0.0390) when compared with controls (Fig. [3b](#Fig3){ref-type="fig"}). A relationship between miR-128 expression, exposure to HI and time (*F*~(4,63)~  = 8.339; *p* \< 0.0001) also existed, as well as between miR-128 expression and time alone (*F*~(4,63)~  = 9.58; *p* \< 0.0001). Significant upregulation of miR-128 occurred in HI animals versus controls at 1 h (*p* = 0.0263) and at 2 h (*p* \< 0.0001) (Fig. [3c](#Fig3){ref-type="fig"}). miR-181a expression was significantly altered over time (*p* \< 0.0001), with significant upregulation of miR-181a in HI animals when compared with time-matched controls (*p* = 0.0414) (Fig. [3d](#Fig3){ref-type="fig"}). miR-151a expression was significantly altered over time (*F*~(4,63)~  = 33.38; *p* \< 0.0001) and also due to HI exposure (*F*~(4,63)~  = 5.148; *p* = 0.0267). Significant upregulation of miR-151a was noted in HI animals when compared with controls at 1 h (*p* = 0.006) (Fig. [3e](#Fig3){ref-type="fig"}). miR-374a expression was significantly altered over time (*F*~(4,63)~  = 10.32; *p* \< 0.0001), with a significant upregulation in HI animals when compared with controls at 1 h (*p* = 0.0156) (Fig. [3f](#Fig3){ref-type="fig"}).

miR-27b, miR-30b, miR-30c and miR-140 all exhibited a significant relationship between miR expression and time (*p* \< 0.001) using two-way ANOVA, but post hoc Fisher's LSD testing did not reveal any differences between time-matched HI samples and controls. All showed an increase in expression at 1 h in HI animals when compared with controls, but none reached statistical significance (Supplementary Fig. [1](#MOESM2){ref-type="media"}a-d). miR-376a was excluded from the analysis as there was no sequence homology between the human and porcine gene (Table [5](#Tab5){ref-type="table"}). In keeping with this, CT values for miR-376a were high, indicating late amplification and low/no abundance of the miRNA in the sample.

When observing controls, a slight natural fluctuation in miRNA expression could be observed over time. Expression levels of the miRNAs generally appeared to rise and then fall in a temporal manner. Applying a HI disturbed this flux and caused expression levels to rise rapidly to peak at approximately 1 h after the insult was terminated (in contrast, levels of miR-128 dramatically drop at 2 h). Expression levels for all aforementioned miRNAs decreased over time and were no longer different from controls from 8-h post-HI onwards.

Animals which had histopathological outcome data were separated by into mild HI and moderate-severe HI groups to allow examination of whether miRNA expression alterations were associated with pathological outcome. Two-way ANOVA analysis showed that there was a significant alteration in miR-181b over time (*F*~(4,50)~ = 17.27; *p* \< 0.0001), with expression in moderate-severe animals significantly higher than controls at 1 h (*p* = 0.0033) and 72 h (*p* = 0.0283). This difference at 1 h also persisted following Bonferroni correction (*p* = 0.0098) (Fig. [4a](#Fig4){ref-type="fig"}). miR-181a expression was also significantly altered over time (*F*~(4,48)~ = 13.5; *p* \< 0.0001), with this upregulation occurring in moderate-severe animals at 1 h (*p* = 0.0415) (Fig. [4b](#Fig4){ref-type="fig"}). miR-374a expression was significantly altered over time (*F*~(4,50)~ = 3.28; *p* = 0.0183), with expression in moderate-severe animals significantly higher than that seen in controls at 1 h (*p* = 0.024) (Fig. [4c](#Fig4){ref-type="fig"}).Fig. 4Temporal evolution of miRNA expression in control, mild and moderate-severe piglets alongside histopathology **a** miR-181b, **b** miR-181a and **c** miR-374a, at 0 h, 1 h, 2 h, 8 h and 72 h in controls and post-HI with evolution over time. Histopathological scores are shown as bar graphs. All data are mean ± SEM; two-way ANOVA with post-hoc uncorrected Fishers LSD test. A single asterisk indicates statistical significance of *p* ≤ 0.05 between cases and time-matched control samples, \*\* = *p* ≤ 0.01, \*\*\* = *p* ≤ 0.001. Red stars indicate statistical significance between mod-sev HI vs control

Lac/Cr Ratio and Differentially Expressed miRNAs Were Positively Correlated {#Sec8}
---------------------------------------------------------------------------

We sought to investigate whether there was any relationship between altered miRNA expression at 1 h, MRS ratios and histology scores. Supplementary Table [2](#MOESM1){ref-type="media"} illustrates a Spearman's correlation table across 15 variables with all values represented by (*rs*). Lac/Cr ratio was correlated positively and significantly with five out of six differentially expressed miRNAs at 1 h. Positive correlations could be seen with scaled histology score (*rs* = 0.602; *p* = 0.023), miR-374a (*rs* = 0.624; *p* = 0.023), miR-181b (*rs* = 0.856; *p* \< 0.0001), miR-128 (*rs* = 0.575; *p* = 0.04), miR-151a (*rs* = 0.729; *p* = 0.005) and miR-181a (*rs* = 0.615; *p* = 0.033). The strongest positive correlation with Lac/Cr was observed with miR-181b. Lac/NAA was positively and significantly correlated with scaled histology score (*rs* = 0.552; *p* = 0.041), miR-181b (*rs* = 0.593; *p* = 0.033) and miR-181a (*rs* = 0.587; *p* = 0.045).

Linear regressions were performed to determine whether miRNAs of interest have predictive value based on histopathological outcome and common MRS markers (Table [3](#Tab3){ref-type="table"}). Histopathological outcome was associated with miR-374a alterations *F*~(1,15)~ = 7.875; *p* = 0.01; R2 = 0.344, miR-181b alterations *F*~(1,15)~ = 17.719; *p* = 0.001; *R*^2^ = 0.542, miR-128 alterations *F*~(1,15)~ = 17.175; *p* = 0.001; *R*^2^ = 0.534, miR-151a alterations *F*~(1,15)~ = 17.906; *p* = 0.001; *R*^2^ = 0.544, miR-181a alterations *F*~(1,15)~ = 14.539; *p* = 0.002; *R*^2^ = 0.492; Lac/Cr *F*~(1,13)~ = 769.621; *p* \< 0.0001; *R*^2^ = 0.983 and Lac/NAA *F*~(1,13)~ = 183.998; *p* \< 0.0001; *R*^2^ = 0.934 and vice versa. miR-374a expression at 1 h was associated with Lac/Cr *F*~(1,11)~ = 5.25; *p* = 0.043; *R*^2^ = 0.323 and Lac/NAA *F*~(1,11)~ = 5.393; *p* = 0.04; *R*^2^ = 0.329. miR-181b expression at 1 h was associated with Lac/Cr *F*~(1,11)~ = 31.839; *p* \< 0.0001; *R*^2^ = 0.743 and Lac/NAA *F*~(1,11)~ = 26.383; *p* \< 0.0001; *R*^2^ = 0.706. miR-128 expression was associated with Lac/Cr *F*~(1,11~) = 21.92; *p* = 0.001; *R*^2^ = 0.666 and Lac/NAA *F*~(1,11)~ = 19.9; *p* = 0.001; *R*^2^ = 0.644. miR-151a expression was associated with Lac/Cr *F*~(1,11)~ = 20.488; *p* = 0.001; *R*^2^ = 0.651 and Lac/NAA *F*~(1,11)~ = 16.788; *p* = 0.002; *R*^2^ = 0.604. miR-148a expression was associated with Lac/Cr *F*~(1,10)~ = 6.309; *p* = 0.031; *R*^2^ = 0.387 and Lac/NAA *F*~(1,10)~ = 5.436; *p* = 0.042; *R*^2^ = 0.352. miR-181a expression was associated with Lac/Cr *F*~(1,11)~ = 21.113; *p* = 0.001; *R*^2^ = 0.657 and Lac/NAA *F*~(1,11)~ = 15.743; *p* = 0.002; *R*^2^ = 0.589.Table 3Linear regression (*R*^2^) of MRS variables, scaled histology score and significant miRNAs expression levels at 1-h post-HI*.* All values are coefficient of determination (*R*^2^). Italicised values indicates statistical significance; (*p* = 0.05)Scaled HistologymiR-374amiR-181bmiR-128miR-151amiR-148amiR-181aLac/CrLac/NaaScaled Histology1miR-374a*0.344*1miR-181b*0.5420.668*1miR-128*0.5340.7240.914*1miR-151a*0.5440.6980.9650.938*1miR-148a0.222*0.7270.7960.80.782*1miR-181a*0.4920.5840.920.790.8770.705*1Lac/Cr*0.9830.3230.7430.6660.6510.3870.657*1Lac/NAA*0.9340.3290.7060.6440.6040.3520.5890.971*1

Predicted miRNA Targets Play Roles in Vital Signalling Cascades, Biological Processes and Molecular Functions {#Sec9}
-------------------------------------------------------------------------------------------------------------

We investigated target genes of each of the six significantly altered miRNAs and aimed to determine which genes, if any, were common between miRNAs. A total of 1987 genes were predicted to be targets of the miRNAs with high confidence. miR-181b had 705 targets, miR-151a had 27, miR-128 had 465, miR-374a had 502, miR-181a had 12 and miR-148a had 276. Out of these, targeting of one gene, FKBP1A, was shared among four miRNAs---miR-148a, miR-151a, miR-181b and miR-374a. Figure [5](#Fig5){ref-type="fig"} illustrates miRNAs which share common targets. A more detailed list of the target genes and corresponding miRNAs is outlined in Supplementary Table [2](#MOESM1){ref-type="media"}.Fig. 5Predicted targets regulated by early miRNA biomarkers of HI in the porcine model. Chord diagram illustrating predicted targets of each significantly altered miRNA and those which were found to be common between them. A detailed insight into the predicted downstream targets of each gene and those which were shared between miRNAs is outlined in Supplementary Table [2](#MOESM1){ref-type="media"}

Using EnrichR, it was determined that genes targeted by miR-148a appeared to be most highly abundant in the colon (*p* = 0.00323), those targeted by miR-181b were most abundant in the amygdala (*p* = 0.002746), miR-128 targets were most abundant in adipocytes (*p* = 0.009988), miR-181a targets were most abundant in CD56+ natural killer (NK) cells (*p* = 0.009033), miR-151a targets were most abundantly expressed in the superior cervical ganglion (*p* = 0.04647) and miR-374a targets were most abundant in the pineal gland (*p* = 0.01680).

KEGG pathway analysis was performed for targets of each of the six miRNAs (Fig. [6](#Fig6){ref-type="fig"}). All six miRNAs shared two common KEGG pathways---the MAPK signalling pathway and the neurotrophin signalling pathway. Regarding the MAPK signalling pathway, the most significantly associated miRNAs were miR-374a (*p* = 0.0013) (Fig. [6f](#Fig6){ref-type="fig"}) and miR-128 (*p* = 0.02119) (Fig. [6a](#Fig6){ref-type="fig"}). Less significantly associated miRNAs included miR-148a (*p* = 0.7742), miR-181b (*p* = 0.1004), miR-181a (*p* = 0.1634) and miR-151a (*p* = 0.3307). Within the MAPK signalling pathway, miR-128, miR-181b and miR-374a commonly targeted RAP1B and SOS1 (Fig. [6a--f](#Fig6){ref-type="fig"}). Regarding the neurotrophin signalling pathway, the most significantly associated miRNAs included miR-128 (*p* = 0.0067) (Fig. [6a](#Fig6){ref-type="fig"}) and miR-181b (*p* = 0.0094) (Fig. [6e](#Fig6){ref-type="fig"}). Less significantly associated miRNAs included miR-181a (*p* = 0.06913), miR-151a (*p* = 0.1489), miR-374a (*p* = 0.1798) and miR-148a (*p* = 0.8084). Within the neurotrophin signalling pathway, miR-128, miR-181b and miR-374a commonly targeted RAP1B and SOS1, identical to the MAPK signalling pathway. The most commonly associated genes of each KEGG pathway are illustrated in Fig. [6](#Fig6){ref-type="fig"}.Fig. 6EnrichR pathway analysis of the predicted targets of **a** miR-128, **b** miR-148a, **c** miR-151a, **d** miR-181a, **e** miR-181b and **f** miR-374a. Anticlockwise groups of images represent the most significantly associated biological processes, the most significantly associated molecular functions, the most significantly associated KEGG pathways and the most significantly associated genes in the aforementioned KEGG pathways. All are ranked by *p* value

Gene ontologies of the lists of target genes were examined in terms of biological processes (Fig. [6](#Fig6){ref-type="fig"}) and we elucidated that all six miRNAs were associated with the following 22 biological processes---regulation of transcription from RNA polymerase II promoter; T cell activation; regulation of BMP signalling pathway; regulation of apoptotic process; positive regulation of transcription, DNA templated; regulation of transmembrane receptor protein serine/threonine kinase signalling pathway; non-canonical Wnt signalling pathway; activation of protein kinase activity; regulation of transcription, DNA templated; positive regulation of gene expression; organic anion transport; CNS development; protein maturation; protein processing; positive regulation of apoptotic process; regulation of signal transduction; protein phosphorylation; positive regulation of nucleic acid--templated transcription; negative regulation of gene expression; and proteolysis.

Inhibition of miR-181a Increases BMPR2 Expression and Neurite Length In Vitro {#Sec10}
-----------------------------------------------------------------------------

Finally, immunocytochemistry was performed to determine whether inhibition of miR-181a affected expression of members of the BMP signalling pathway or neuronal growth in vitro. Figure [7](#Fig7){ref-type="fig"} depicts this in healthy control and miR-181a inhibited cells.Fig. 7Inhibition of miR-181a modulates target gene expression and promotes neurite growth in SH-SY5Y cells and in primary cultures of rat midbrain neurons. **a** Box and whisker plot showing relative levels of BMPR2 expression in SH-SY5Y cells at 24-h post-transfection with 500 nM of a control or miR-181a inhibitor with a GFP-expressing plasmid to identify transfected cells. Data are shown in boxplots as the 10--90th percentile with outliers shown as individual datapoints of *n* = 74 individual cells taken from three independent experiments (\*\*\**p* \< 0.001, Students *t* test). Graph (**b**) and photomicrograph (**c**) represent neurite length of SH-SY5Y cells grown in the presence of 20 μM retinoic acid (RA) for 24-h post-transfection with 10 μl of control or miR-181a inhibitor with a GFP-expressing plasmid. Data are all ± SEM of three independent experiments (\**p* \< 0.05, Students *t* test). Graph (**d**) and photomicrograph/neuronal tracings (**e**) represent neurite length of primary cultures of embryonic day 14 rat midbrain neurons at 24-, 48- and 72-h post-transfection with 500 nM control or miR-181a inhibitor with a GFP-expressing plasmid. Data are all mean ± SEM of three independent experiments (\*\**p* \< 0.05, two-way ANOVA with post hoc Bonferroni test)

Inhibition of miR-181a increased expression of BMPR2 in SH-SY5Y cells (*p* \< 0.0001) (Fig. [7a](#Fig7){ref-type="fig"}). Since increased BMP expression has also been associated with increased axonal growth under certain conditions \[[@CR30]\], neurite length was measured. Inhibition of miR-181a increased neurite length after 24 h in SH-SY5Y cells (*p* = 0.0225) (Fig. [7b, c](#Fig7){ref-type="fig"}), which prompted a longer-term examination of the effect of miR-181a inhibition in primary cultures of E14 rat midbrain. Neurite length was increased in response to both time (*F*~(1,4)~ = 25.32; *p* = 0.0073) and treatment with the miR-181a inhibitor (*F*~(1,4)~ = 9.002; *p* = 0.009). Bonferroni's test for multiple comparisons revealed that neurite length was significantly increased in primary cultures after 72 h (*p* = 0.0076) (Fig. [7d, e](#Fig7){ref-type="fig"}).

Discussion {#Sec11}
==========

Molecular biomarkers of HIE are required to support diagnosis and inform treatment decisions. Here, we combined miRNA profiling of human umbilical cord blood following HIE with a targeted approach in a HI porcine model to identify six miRNAs---miR-128 miR-148a, miR-151a, miR-181a, miR-181b and miR-374a---whose expression is significantly, consistently and rapidly upregulated at an early time point---1-h post-HI, with equally rapid resolution. Three miRNAs were specifically upregulated in moderate-severe HI---miR-374a, miR-181a and miR-181b. We have demonstrated correlations between five miRNAs and Lac/Cr ratios from in vivo MRS of the same cohort, suggesting a direct association with neuronal injury. Inhibition of miR-181a was examined in vitro and increased neurite length in both SH-SY5Y cells and primary cultures of rat midbrain neurons. The predicted downstream targets of the six miRNAs were predicted to exert neuroprotective effects, and functional examination of one of the associated pathways---the BMP signalling pathway (a member of the TGFβ superfamily \[[@CR31]\])---in differentiating SH-SY5Y cells revealed inhibition of miR-181a increases expression of the type II receptor BMPR2.

Our findings support the existence of circulating miRNA biomarkers of HIE linked to clinically measured outcomes that may support diagnostic/therapeutic decision making as well as potentially allowing rapid identification of severely injured neonates. Furthermore, therapeutic inhibition of miR-181a may promote the vital functions of the BMP signalling pathway in neonates---i.e. osteogenesis, embryogenesis, tissue homeostasis and neurogenesis. Our findings are in agreement with many miRNA-HIE studies in which miRNAs are upregulated in response to HIE \[[@CR32], [@CR33]\] and inhibition provides protection \[[@CR25], [@CR32], [@CR34]\]. However, more in-depth research with larger sample size is needed on miRNAs as therapeutic agents and their effects in response to HI in vitro and in vivo. Due to the rapidly evolving nature of HIE \[[@CR6]\] and slow diagnostic methods which result in the therapeutic window being missed \[[@CR11]\], there is an urgent need for rapidly, easily accessible biomarkers of HIE. We believe the aforementioned six miRNAs are clinically relevant, cross-species biomarkers of HIE, particularly moderate-severe injury.

This is, as far as we know, the first study to show miR-128's association with hypoxia and HIE. However, other studies have indirectly alluded to this link via its role in modulation of reactive oxygen species (ROS) in areas such as bronchial epithelial and medulloblastoma cells \[[@CR35]\]. ROS play a key role in HIE, rapidly increasing in number and ultimately resulting in inflammation, damaging membranes, lipids, DNA and proteins \[[@CR36]\]. This miRNA is important for CNS development and physiological homeostasis, with involvement in proliferation, differentiation and apoptosis. Expression patterns are largely tissue specific and developmentally regulated. Circulating miR-128 expression is altered in some cancers \[[@CR37]\], for example, in neuroblastoma, glioblastoma, prostate cancer, lung cancer and leukaemia, making it a good biomarker candidate for many diseases and disorders \[[@CR38]--[@CR42]\]. Upregulation is noted in another disorder of the perinatal period---preeclampsia \[[@CR43]\].

miR-151a dysregulation has previously been linked to intracellular hypoxia \[[@CR35], [@CR44], [@CR45]\]. miR-151a is thought to play an oncogenic role in certain cancers by increasing cell invasion and migration \[[@CR46]\]. It may also play a key role in regulation of cellular respiration and production of ATP via targeting of cytochrome B during mitochondrial dysfunction \[[@CR47]\]. Altered expression of miR-151a has also been linked with schizophrenia \[[@CR48]\] and Parkinson's disease \[[@CR49]\].

We consider miR-181b to be the most promising bridging biomarker candidate out of the six. Previous findings from our group suggest that miR-181b expression is dysregulated in the umbilical cord blood of moderate-severe HIE neonates \[[@CR50], [@CR51]\], as reflected in our moderate-severe porcine cohort. miR-181b is abundant in the brain, and is one of the most widely studied miRNAs as expression is dysregulated in tumour pathogenesis \[[@CR52]\]. Downregulation in brain tissue of a mouse model of ischemia up to 24 h after injury has also been noted \[[@CR53]\]. Downregulation of miR-181b has proven neuroprotective in mouse brain tissue \[[@CR54]\] as well as providing cellular protection in thyroid cancer \[[@CR55]\]. To determine whether the effect of miR-181b upregulation in response to HI has neuroprotective or detrimental effects, further investigation into its downstream targets and their effects is required. One predicted downstream target is ubiquitin C-terminal hydrolase L1 (UCHL-1), a proposed biomarker of HIE and traumatic brain injury. Alterations in cord UCHL-1 have been reported in neonatal HIE previously \[[@CR1]\].

We consider miR-374a to be another promising bridging biomarker candidate for neonatal HIE, when considering this study alongside previous studies in umbilical cord blood of HIE neonates by our group and others \[[@CR5], [@CR51], [@CR56]\]. It may be particularly useful in identification of moderate-severe cases. Another study of human HIE subjects has also noted a downregulation of miR-374a \[[@CR56]\]. The one previous piglet model study of the effects of hypoxia on miRNA also reported an upregulation of miR-374a expression in piglet plasma samples as soon as 30 min after HI with rapid recovery thereafter \[[@CR57]\], increasing confidence in our results. We have proven that expression of circulating miR-374a is rapidly and significantly altered in both the umbilical blood of neonates and arterial blood of piglets after HI when compared with controls, with rapid decrease in expression variability and downregulation at the time of insult. Expression is increased 1-h post-insult and returns to control levels by 8-h post-insult. Further examination is required to elucidate the functional effects of miR-374a inhibition in response to HI and neuronal recovery.

miR-181a has not, to the best of our knowledge, been examined in hypoxic ischemic encephalopathy previously. The present study has identified alterations in the expression of this miRNA in neonatal HIE whole blood and plasma samples, as well as HI porcine whole blood, particularly moderate-severe HI. Due to the novelty of this finding, we sought to determine its functional effects in vitro*,* in healthy cells*.* Inhibition in healthy cells increased expression of BMPR2 in differentiating SH-SY5Y cells, and increased neurite growth in two separate cell lines. Little is currently known about the effects of miRNAs in the HIE brain \[[@CR58]\]. Whether this miRNA-driven increase in neurite length is neuroprotective, or may interfere with neuronal survival is unclear, as existing studies are conflicting. miR-181a overexpression may play a detrimental, damaging role in HIE, as inhibition promotes neurite growth, which is typically associated with neuroprotection \[[@CR59], [@CR60]\]; but on the other hand, it may exert aberrant effects during HIE \[[@CR61]\]. Further research using miR-181a mimics and is required to further elucidate its role. miR-181a has been reported as a key posttranscriptional modulator of T cell receptor signalling strength/sensitivity; abundantly expressed in immature T cells and greatly reduced in more mature T cells \[[@CR62]\]. Like many other miRNAs, miR-181a has been cited as a potential biomarker for several diseased and disordered states. In the context of HIE, levels of this miRNA were raised within 1 h of cerebral ischemia in the rat hippocampus \[[@CR63]\]. Kong et al. state that miR-181a may act neuroprotectively on microglia in early HI \[[@CR64]\], in line with the protective roles of the predicted targets of our miRNAs of interest. Inhibition of this miRNA in healthy cells increased BMP signalling---vital for osteogenesis, postnatal skeletal homeostasis \[[@CR65], [@CR66]\], cardiogenesis \[[@CR67]\], embryogenesis \[[@CR68]\], neurogenesis \[[@CR69]\] and organogenesis \[[@CR70]\]. BMP mutations result in deleterious effects such as embryonic lethality \[[@CR71]\] and skeletal disorders \[[@CR66]\]. Samanta et al. demonstrated that administration of BMP antagonist noggin provides neuroprotection against ischemic brain injury in mice \[[@CR72]\]. BMP2 overexpression reportedly provides protection against deleterious apoptotic processes, and is believed to act via BMPR2 \[[@CR73]\]. Inhibition of miR-181a may therefore exert neurotrophic effects and provide neuroprotection via similar mechanisms.

miR-148a was previously found to be altered between HIE and control groups in a microarray performed by our group \[[@CR5]\], and is reported as a 'hypoxamir' by Nallamshetty et al., upregulated in response to HI \[[@CR35]\], which coincides with the findings outlined in this study. This miRNA may prompt apoptosis under certain conditions, supporting the notion that miRNAs are key regulators of apoptosis \[[@CR74]\].

Some predicted targets of the miRNAs of interest have been implicated in HIE previously, but simultaneously, many lack research in the area. FKBP1A was linked to several differentially expressed miRNAs of interest and has been investigated in HI in a rat model \[[@CR75]\]. FKBP1A is a T cell binding protein with roles ranging from immunoregulation to protein trafficking \[[@CR76]\], and is recruited late in the hypoxia signalling cascade \[[@CR77]\]. The MAPK signalling pathway, associated with each miRNA of interest reportedly contributes to anti-inflammatory effects exerted by neuroprotective BDNF in response to a HI \[[@CR78]\]. The neurotrophin signalling pathway has also been linked to each of the miRNAs of interest and implicated in HI. Expression of neurotrophins 3 and 4 is essential in early neurodevelopment, and levels are reportedly reduced in response to HI \[[@CR79]\]. It remains unclear whether miRNAs linked to the above signalling pathways and target genes provide neuroprotection after the spike in expression we see at 1 h, although many are reported to. Further investigation into mechanisms of action in healthy and hypoxic brains is required.

A major advantage of this study is that neurodevelopment of the porcine model is very similar to that of the human brain at birth \[[@CR80]\], increasing the likelihood that this research is translatable to humans. We observe similar patterns of injury in porcine histopathology as we do in human cases of HIE \[[@CR15], [@CR81], [@CR82]\]---the cortex is the most prominently injured area, as well as the basal ganglia. We have also observed MRS ratios of Lac/NAA and Lac/Cr in our piglet model which reflect the human condition. Lac/Cr and Lac/NAA are potentially the best quantitative MRS biomarker of neurodevelopmental outcome after HIE \[[@CR83]--[@CR86]\]. This model is therefore clinically relevant, and the results have translational significance. We have analysed the temporal profiles of a wide range of miRNAs using qRT-PCR and gained novel insight into expression profiles of each of these under normal circumstances and after HI over 72 h. Another asset to this study is that the altered expression of these miRNAs is consistent with that seen in our biomarker discovery methods utilising human samples---microarray and RNA-seq. This again indicates that these findings are reproducible across species, making these miRNAs strong potential bridging biomarkers of HIE. These miRNAs correlate positively and are predictive of Lac/Cr and Lac/NAA MRS measurements, suggesting that, if validated in humans, they could potentially be used in place of MRS for more timely, cheaper, more accessible HIE diagnoses. The functional and cellular response to miR-181a inhibition outlined in the present manuscript is novel and provides a critically important starting point for further investigation into miRNAs as therapeutic targets for HIE. Whole blood was advantageous to use for this study due to its high miRNA concentrations and for ease of use in its least processed form, as opposed to serum and plasma, where processing of small samples can result in low miRNA yields \[[@CR87], [@CR88]\]. If such a sample can be utilised to identify a biomarker, it offers the possibility of using finger/toe prick diagnostics, which would be ideal for HIE diagnosis in the fast-paced NICU setting. Another substantial advantage to the present study is the examination of miRNAs at all levels---in silico*,* in vitro and in vivo*.*

While this study has advantages, we must also address limitations. RNA-Seq unfortunately did not detect any miRNA differences between mild HI and moderate-severe HI. This is a major limitation for the clinical relevance of this study, as detection of mild HIE is notoriously difficult and can result in poor outcomes \[[@CR89]\]. Both the human and porcine cohort grouped neonates with moderate and severe HIE together, as numbers were insufficient to examine moderate and severe HI separately. In doing so, we therefore may be missing important differences between the two groups. Future clinical studies may wish to separate the groups to capture these differences. An important limitation of the current study is the small sample size in the mild HI subgroup, as the model is designed to produce moderate-severe HI. Therefore, findings must be interpreted with caution. Our current findings warrant further research using much larger sample sizes. We acknowledge that not all miRNAs identified using our human cohort showed a change in HI piglets. Many clinical studies of miRNA alterations in HIE find our miRNAs of interest to be downregulated \[[@CR5], [@CR56]\], while we and others have seen the opposite effect in animals \[[@CR57]\]. It is unclear as to whether these are cross-species differences or whether it simply reflects the unpredictable nature and severity of HI in the clinical setting, as our porcine cohort received a uniform insult. miRNA alterations in both control and HI piglets show considerable variability over time. Results should be interpreted cautiously, and larger studies are required to increase confidence in the findings. It is difficult to determine whether our elevated miRNAs of interest promote neuroprotective effects or play a detrimental role in the HI brain, as miRNAs appear to exert individual synaptogenic functions \[[@CR58]\]. Although whole blood samples are advantageous/easy to use, we must also consider it contains variable exosomal miRNA content \[[@CR90]\]. Another limitation of this study is the use of U6 as a housekeeping gene. Although it is widely used in miRNA studies, expression is often variable and stability may be affected by species, experimental variables, pathological conditions \[[@CR91]\] and number of freeze-thaw cycles. Stable housekeeping genes suitable for miRNA research are yet to be identified. Ultimately, miRNA research lacks suitable endogenous control genes, and there is an unmet need for these to allow more reliable, reproducible results in the field \[[@CR92]\]. When interpreting the present in vitro findings, we must consider the effect of developmentally immature E14 neuronal cultures on the intervention, which may affect translatability. Neurogenesis in E14 rats is equivalent to that seen in a human at gestational week 5--6 \[[@CR93]\]. The rat brain at either PND 7 or PND 12/13 would be more developmentally appropriate to use in future studies \[[@CR94]\]. Longer time course experiments with larger sample numbers are required to identify whether we will observe a similar effect as is seen here. Finally, the present manuscript lacks investigation into functional effects of miR inhibition in hypoxic cells, as it was beyond the remit of the study.

In summary, this study provides novel insight into temporal profiles of circulating miRNAs after moderate-severe HI in a porcine model and begins to explore functional effects of miRNA inhibition in vitro. Further research into the roles of these miRNAs and their targets to confirm specific mechanisms of action in HI brain injury is required. miR-181a inhibition increases neurite growth in healthy cells, providing a starting point for further investigation into the therapeutic potential of miRNA inhibition in HIE. The rapid evolution of miRNA expression, coupled with positive correlations with Lac/Cr ratios indicates towards their potential to be early bridging biomarkers of HI, particularly moderate-severe HI, detectable almost immediately after birth in neonates and piglet models, during the window in which time-sensitive decisions regarding therapeutic interventions are required.

Materials and Methods {#Sec12}
=====================

Microarray Study Population {#Sec13}
---------------------------

Differentially expressed HIE-associated miRNAs were identified from an exploratory human cohort using Agilent Human miRNA Microarray Version 3.0 (Agilent Technologies Inc., Agilent Laboratories, Santa Clara, CA). This contains probes for 866 human-derived miRNAs from the Sanger miRBase 12.0 release (<http://www.mirbase.org>). Microarray was performed in a previous study utilising a study population which was previously described in detail \[[@CR5]\].

RNA Sequencing {#Sec14}
--------------

### Study Population {#Sec15}

Umbilical cord blood samples (mixed venous and arterial) were collected from infants in both Cork University Maternity Hospital and Karolinska University Hospital. All relevant consent and ethical approval were obtained from both centres. These samples were obtained from infants recruited to the BiHiVE 1 and BiHiVE2 studies (NCT02019147). A total of 48 samples were sequenced: 19 female, 29 male. Of these, samples were collected from 35 infants in Cork (15 female, 20 male) and 13 in Karolinska (4 female, 9 male).

All cases were inborn and were recruited to the study if they met the following criteria: Gestational age of ≥ 36 weeks accompanied by one or more of the following: Cord pH \< 7.1, 5-min Apgar score of ≤ 6 or experienced intubation or resuscitation at birth. Case neonates were monitored throughout the perinatal period to ensure detection of potential HIE development. All HIE neonates received multichannel EEG at 24-h postpartum, and this was used to correlate with Sarnat HIE grade \[[@CR95], [@CR96]\]. Infants who did not develop HIE were assigned to the perinatal asphyxia (PA) group. These infants has biochemical and clinical signs of PA; pH \< 7.1 or Apgar score \< 6 at 5 min, or the need for resuscitation and cardio-respiratory support at birth \[[@CR97]\], but did not progress to HIE. Healthy controls were full term infants with uneventful births, normal Apgar score, normal neonatal exams and no record of admission to the neonatal intensive care unit. Both studies were approved respectively by the Clinical Ethics Committee of the Cork Teaching Hospitals and the Stockholm Ethical Review Board, and informed written consent was given by parents.

### Biofluid Collection {#Sec16}

Umbilical cord blood samples were collected directly after delivery in vacutainer tubes (6 ml collected) and processed within 3 h. Samples were biobanked at − 80 °C until required for further analysis. Plasma was separated out from whole blood via centrifugation of the tubes at 2400 ×*g* for 10 min at 4 °C. Supernatant was collected in RNAase-/DNAase-free tubes, taking care not to disturb the buffy coat which contains the white blood cells. Plasma was collected in 250 μl RNAase free Eppendorf tubes and biobanked at − 80 °C until required. Haemolysis was determined via spectrophotometric analysis with a Nanodrop 2000 spectrophotometer (Thermo Scientific, Wilmington, Delaware, USA). The absorbance levels at 414 nm was assessed and a cutoff level of 0.25 nm was utilised to distinguish non-haemolysed samples.

Small RNA Library Preparation & RNA-Seq {#Sec17}
---------------------------------------

A total of 200 μl of the aforementioned non-haemolysed plasma samples was utilised for RNA isolation. The miRCURY RNA isolation kit (Exiqon) was used for this purpose, as per manufacturer's instructions. RNA samples were eluted to 25 μl. RNA ethanol precipitation was performed overnight, after which RNA was resuspended in 10 μl RNAse-free water. The integrity and amount of RNA was determined using the small RNA detection kit (DNF-470) and a fragment analyser (Advanced Analytical Technologies). Control samples contained between 10.2 and 79.7% miRNA content, and miRNA concentrations ranged between 714.6 and 9594.7 pg/μl. PA samples contained between 23.7 and 92.4% miRNA content, and miRNA concentrations ranged between 5.3 and 53,104 pg/μl. Mild samples contained between 17.4 and 74.5% miRNA content, and miRNA concentrations ranged between 651.6 and 3960.8 pg/μl. Moderate samples contained between 24.9 and 53.6% miRNA content, and miRNA concentrations ranged between 923.6 and 5551.9 pg/μl. Severe samples contained between 26.9 and 81.4% miRNA content, and miRNA concentrations ranged between 2787.4 and 17,571.3 pg/μl.

A total of 5 μl of RNA from each sample was used to create small RNA libraries using the Illumina TruSeq Small RNA library kit. These libraries were then size selected using Pippin Prep with 3% agarose dye--free cassettes. Size selection was validated with a 2100 high sensitivity DNA bioanalyser chip (Agilet). Concentration levels of each library were determined using HS-dsDNA kit for Qubit, and these libraries were pooled. Pooled libraries were sequenced at TrinSeq (Institute for Molecular Medicine, St. James Hospital, Dublin), using an Illumina miSeq.

Sequencing Data Processing and Differential miRNA Analysis {#Sec18}
----------------------------------------------------------

Quality of reads was assessed using FastQC \[[@CR98]\]. The files generated were uploaded to Chimira \[[@CR28]\], which generated count-based miRNA expression data. Sequences were then adaptor trimmed and mapped out against miRbase v21 hairpin sequences, allowing 2 or fewer sequence mismatches. Further analysis was performed with R/Bioconductor ([http://www.R-project.org](http://www.r-project.org)) \[[@CR99], [@CR100]\]. EdgeR \[[@CR101]\] identified significantly differentially expressed miRNAs according to Law et al.'s protocol \[[@CR102]\]. The trimmed mean of *M* values (TMM) normalisation method was used for normalisation of miRNA expression count data. Raw counts were converted to CPM and log-CPM values using the CPM function in edgeR, where log-transformations use a prior count of 0.25 to avoid taking the log of zero. A miRNA was considered to be expressed if their CPM value was above 1, and not expressed otherwise. A CPM of 1 is equivalent to a log-CPM of 0. A miRNA must be expressed in at least 30 of the 39 samples across the entire experiment in order to be included in subsequent analysis. Filtered data was then normalised using the TMM method \[[@CR103]\].

Like other studies, hsa-miR-486-5p was the most highly expressed miRNA. It is one of the most abundant miRNAs found in plasma and makes up 13% of all miRNAs \[[@CR104], [@CR105]\]. In the most extreme cases, it made up for 92% of the total number of counts (range = 8--92%; average = 61%). Therefore, we removed this miRNA from the analysis, recalculated the counts and removed nine samples with less than 2000 counts (IDs 193, 81, 830, 532, 93, 37, 110, 314 and 602). This included two samples where over 90% of the counts in the sample were hsa-miR-486-5p. A total of 39 samples remained: 7 control, 10 PA, 14 mild, 8 moderate-severe.

miRNAs of interest were selected based on the combined findings from both the microarray and RNA-seq, as well as previous findings from our group (Table [4](#Tab4){ref-type="table"}). Significant miRNAs which were regulated in the same direction in both the microarray and the RNA-seq were selected for investigation in piglet whole blood taken over a 72-h time course, as well as CNS-enriched miR-27b, miR-128, miR-151a, miR-181b, miR-374a and miR-376a as they are of interest within our research group and had shown significant alterations in either the microarray or RNA-seq.Table 4Direction of regulation of miRNAs in both microarray (whole blood) and RNA-seq (plasma), along with references to involvement of each miRNA in disease/disordered statesmiRNAMicroarrayRNA-seqLiteraturemiR-27bDownregulatedUpregulated\[[@CR106]\]miR-30bDownregulatedDownregulated\[[@CR107], [@CR108]\]miR-30cDownregulatedDownregulated\[[@CR109]--[@CR111]\]miR-128DownregulatedUpregulated\[[@CR112]--[@CR114]\]miR-140DownregulatedDownregulated\[[@CR115]--[@CR117]\]miR-148aDownregulatedDownregulated\[[@CR74], [@CR118], [@CR119]\]miR-151a--Downregulated\[[@CR46], [@CR48], [@CR49]\]miR-181aDownregulatedDownregulated\[[@CR52], [@CR107], [@CR120]\]miR-181b--Downregulated\[[@CR52], [@CR107], [@CR108], [@CR121]\]miR-374aDownregulated--\[[@CR5], [@CR122], [@CR123]\]miR-376aDownregulated--\[[@CR124]\]

Piglet Model of HIE {#Sec19}
-------------------

The neonatal animal model utilised in this study was the Large White piglet. Piglets were less than 24 h old with a mean(SD) age of 17.7(4.52)h for HI animals and 10.5(3.72)h for controls. Piglet weight ranged between 1.2 and 2.1 kg, with HI animals weighing 1.56(0.26)kg, and controls weighing 1.52(0.18)kg. Age at postmortem was 54(25.5)h for HI animals, and 75.69(3.59)h for controls. All animal work was performed under the supervision of Dr. Tracey Bjorkman, University of Queensland, Australia. Approval was obtained from the University of Queensland Animal Experimentation Ethics Committee and was performed in accordance with the National Health and Medicine Research Council Australia guidelines. Ten piglets received HI, while 10 were assigned to the sham experimental protocol. In the HI group, 7 were males and 3 were females. The control group consisted of 6 males and 4 females. Three HI animals displayed clinical seizures, two of which also displaying seizure activity on EEG.

Anaesthesia was achieved initially via inhalation of isofluorane, the ear vein cannulated for maintenance of sedation was maintained using propofol (10 mg/ml) and Alfentanil (50 μg/ml; 0.5 mg/1 ml, Rapifen, VIC, Australia) as an analgesic. The aforementioned mixture was delivered at a rate of 10 mg/kg/h until the point of intubation (size 3, cuffed endotracheal tube). At this point, delivery rate was increased to 20 mg/kg/h for 15 min, reduced thereafter to 15 mg/kg/h for a further 15 min then maintained at a rate of 10 mg/kg/h until termination of HI.

Ventilation was achieved using a neonatal ventilator (SLE2000, Surrey, UK), set initially at 30 breaths per minute, peak inspiratory pressure at 12 cm H~2~O, positive-end expiratory pressure at 5 cm H~2~O, 0.75-s inspiratory time and 21% inspired oxygen (iO~2~). Adjustments were made throughout the duration of the experiment for maintenance of arterial oxygen saturation \> 96% and a partial pressure of CO~2~ between 35 and 45 mmHg.

A catheter (3.5-French gauge single lumen) was inserted aseptically into the umbilical artery to approx. 12 cm to facilitate arterial blood sampling and monitoring of mean arterial blood pressure (MABP). Arterial blood samples were taken pre-insult, during HI at 0 h (immediately prior to resuscitation), and 1-h, 2-h, 4-h, 8-h, 12-h, 24-h, 48-h and 72-h post-HI. Arterial blood gases were monitored (ABL800, Radiometer Pacific Pty. Ltd., Brisbane, Australia) throughout HI, allowing titration of normal arterial pO~2~, pCO~2~, pH and ABE levels. Piglets received a 0.2 mg/kg single doses of iv cephalothin (DBL, 100 mg/ml, VIC, Australia) and 0.25 mg/kg gentamicin (DBL, 10 mg/ml, VIC, Australia) after umbilical catheterisation. Glucose infusion (10% @ 3 ml/kg/h) was maintained for the experiment duration.

Piglets were allowed to stabilise for 85 to 100 min from time of initial anaesthetic induction. Following this, iO~2~ was reduced from levels of 21% down to 4% for approx. 30 min to induce hypoxia. This was adjusted to achieve a moderate-severe injury. HI was titrated to individual physiological responses based on low amplitude EEG (\< 5 μV), pH, MABP and ABE levels. HI was terminated by resuscitation with 21% iO~2~. Arterial blood gases are recorded at 15, 30, 45 and 60 min after HI and every 4 h thereafter. Anaesthetic regimen was reduced to 4 mg/kg and adjusted where necessary (4--12 mg/kg) until cessation of anaesthesia at 36-h post-HI. These parameters for induction of HI have been demonstrated previously and were shown to induce a moderate-severe HI accompanied by spontaneous seizures \[[@CR15]\].

A rectal temperature of 38.5 ± 0.2 °C was maintained using an overhead radiant heater. Heart rate (HR), oxygen saturation (sO~2~), MABP and rectal temperature were recorded continuously (Marquette Tramscope 12C, Medical Systems, WI, USA). EEG recordings were taken with a cerebral function monitor (Unique CFM 6.0, Inspiration Healthcare, Leicester, UK) for experiment duration until anaesthesia was ceased (up to 36-h post-HI in piglets surviving to 72 h). Electrodes were located over frontal and parietal cortices, and a reference electrode was also placed at the neck fat pad. EEG recordings were also performed for approx. 1 h at both the 48-h and 72-h timepoints post-HI.

In the HI group, final numbers of piglet blood samples were as follows: *n* = 10 at 0 h, *n* = 10 at 1 h, *n* = 10 at 2 h, *n* = 10 at 8 h and *n* = 5 at 72 h. In the healthy control group, final n numbers were as follows: *n* = 9 at 0 h, *n* = 9 at 1 h, *n* = 9 at 2 h, *n* = 7 at 8 h and n = 9 at 72 h.

SH-SY5Y and E14 Cell Culture and Transfection {#Sec20}
---------------------------------------------

For imaging of BMP response to miR-181a inhibition, SH-SY5Y and embryonic (E) day 14 cells from rat ventral mesencephalon (VM) were grown in vitro as previously described \[[@CR125]\] with full ethical approval. SH-SY5Ys were cultured with the addition of 20 μM retinoic acid to allow differentiation into a more neuronal phenotype \[[@CR126]\], in a 24-well plate at 50,000 cells/well respectively over 3 separate passages. After 24 h, cells were at 80% confluency and were transfected using the TransIT-X2 Dynamic Delivery System (Mirus Bio, Madison, WI, USA) as per manufacturer's instructions, GFP plasmid and 500 nM mirVana miR-181a Inhibitor or Negative Control \#1 (Life Technologies, Grans Island, NY, USA).

RNA Isolation {#Sec21}
-------------

Umbilical artery whole blood samples were collected using RNAprotect Animal Blood Tubes and biobanked at − 80 °C. Total RNA including miRNA was extracted using the Qiagen RNeasy Protect Animal Blood kit (Qiagen, Hilden, Germany) as per manufacturer's instructions, with additional 80% ethanol and buffer RPE washes to increase the purity of the samples. Isolated RNA was stored at − 80 °C until required. Total RNA concentrations were quantified using a Nanodrop 8000 Spectrophotometer (Thermo Scientific).

qRT-PCR {#Sec22}
-------

Eleven miRNAs were selected for further investigation based on microarray and RNA-seq findings. Extracted RNA samples were diluted using nuclease free water to achieve a concentration of 20 ng/μl prior to cDNA synthesis. cDNA was synthesised using the miRCURY LNA Universal RT microRNA PCR kit (Exiqon, Vedbank, Denmark) as per manufacturer's instructions. qRT-PCR was performed on the StepOnePlus RT-PCR System (Applied Biosystems, CA, USA) using miRCURY LNA microRNA PCR ExiLENT SYBR Green master mix (Exiqon) as per the manufacturer's instructions for hsa-miR-27b-3p, hsa-miR-30b-5p, hsa-miR-30c-5p, hsa-miR-128-3p, dre-miR-140-3p, hsa-miR-148a-5p, hsa-miR-151a-5p, hsa-miR-181a-3p, ssc-miR-181b, hsa-miR-374a-5p and hsa-miR-376a-3p. To achieve this, predesigned primers (Exiqon) were used. The sequences (5′--3′) of these are listed in Table [5](#Tab5){ref-type="table"}. The sequences of all miRNAs, except miR-140, miR-181a and miR-376a have good sequence homology with human miRNA. A total of 4 μl of diluted template cDNA was used per 10 μl reaction. U6 SNRNA, a small nuclear RNA, was used as a reference gene as it is frequently utilised for studies of miRNA expression such as this \[[@CR127], [@CR128]\]. UniSP6 was spiked in during cDNA synthesis, acting as an internal control.Table 5Sequence (5′-3′) comparisons between hsa and ssc miRNAs. All have sequence homology (shown in green) apart from miR-140, miR-181a and miR-376a. miR-181b has good sequence homology, apart from an extra U base. Non-homologous bases are shown in redmiRNAHuman (Hsa)Pig (Ssc)miR-27b-3pUUCACAGUGGCUAAGUUCUGCUUCACAGUGGCUAAGUUCUGCmiR-30b-5pUGUAAACAUCCUACACUCAGCUUGUAAACAUCCUACACUCAGCUmiR-30c-5pUGUAAACAUCCUACACUCUCAGCUGUAAACAUCCUACACUCUCAGCmiR-128-3pUCACAGUGAACCGGUCUCUUUUCACAGUGAACCGGUCUCUUUmiR-140-3pUACCACAGGGUAGAACCACGGUACCACAGGGUAGAACCACGGACmiR-148a-5pAAAGUUCUGAGACACUCCGACUAAAGUUCUGAGACACUCCGACUmiR-151a-5pUCGAGGAGCUCACAGUCUAGUUCGAGGAGCUCACAGUCUAGUmiR-181a-3pACCAUCGACCGUUGAUUGUACCAACAUUCAACGCUGUCGGUGAGUUmiR-181bAACAUUCAUUGCUGUCGGUGGGUAACAUUCAUUGCUGUCGGUGGGUUmiR-374a-5pUUAUAAUACAACCUGAUAAGUGUUAUAAUACAACCUGAUAAGUGmiR-376a-3pAUCAUAGAGGAAAAUCCACGUGUAGAUUCUCCUUCUAUGAGUAC

The expression of these miRNAs was examined in both HI and control samples at 0 h, 1 h, 2 h, 8 h and 72 h---immediately prior to resuscitation, during the primary injury phase and the secondary injury/reperfusion phase.

Each sample was run in triplicate, with cycling threshold (CT) values recorded for each. Levels of miRNA expression were calculated relative to the reference gene using the 2^−^∆∆CT method \[[@CR129]\].

Immunocytochemistry of SH-SY5Y Cells {#Sec23}
------------------------------------

Cells were fixed in 4% PFA (Sigma-Aldrich) for 25 min at RT before 3 × washes with 0.02% Triton-X-100 (Sigma Aldrich) in 10 mM PBS with 5 min between each wash. Following this, cells were blocked for 1 h at RT with 5% bovine serum albumin (BSA) in 10 mM PBS. Primary antibodies for BMP2, BMPR2, BMPR1B and ASK1 (Abcam, Cambridge, UK) were used at a 1:200 dilution in 1% BSA, added to wells and incubated at 4 °C overnight. Following this, cells were again washed 3 × and incubated with appropriate AlexaFluor 594--conjugated secondary antibodies (ThermoFisher Scientific) at a 1:500 dilution in 1% BSA and incubated in the dark at RT for 2 h. Cells were washed for a final 3 × times before being imaged on an Olympus IX71 using a × 20 lens. Five fields were imaged per group (10 fields/N). Cells co-transfected with GFP and miRNA inhibitor appear green in Fig. [7](#Fig7){ref-type="fig"}.

Analysis of Cellular Morphology and BMP Activity {#Sec24}
------------------------------------------------

To assess the cellular morphology of miR-181a inhibitor-transfected cells, neurite length was measured for five random neurites per field for GFP co-transfected cells. Somal area and fluorescence were also measured for five random neurons per field for GFP co-transfected cells. All experiments were repeated three times, with all analysis performed using ImageJ.

Histopathology of Piglet Brain {#Sec25}
------------------------------

Piglets were euthanised with an intraperitoneal injection of sodium pentabarbitone (325 mg/kg) and the brain was intracardially flushed with saline. Brains were then removed, coronally sliced (3 mm) and hemisected. The right hemisphere was fixed in 4% paraformaldehyde, 0.1 M phosphate buffered saline (PBS pH 7.4), with agitation overnight at room temperature. Brains were stored in 0.1% paraformaldehyde/0.1 M PBS until paraffin embedding. The left hemisphere was dissected into eight regions of interest and snap frozen in liquid nitrogen before storage at − 80 °C.

To assess histopathological injury, 4-μm-thick paraffin-embedded sections were dewaxed, rehydrated and stained with haematoxylin and eosin (H&E) using an automated staining system (Leica ST5010 Autostainer XL, Leica Biosystems, North Ryde, NSW, Australia) and imaged using an Olympus BX41 light microscope with DP70 camera and × 20 and × 40 objectives. Two slides from each region including frontal and temporal cortices, basal ganglia, hippocampus, thalamus, cerebellum and brainstem were scored by a blinded observer. Histological injury (individual, laminar or confluent infarct) and size of affected area (\< 20%, 20--50% and \> 50%) were determined as previously described \[[@CR15]\].

Each brain region was assessed and scored between 0 and 9. A score of 0 inferring no injury was detected, 1--3 was classed as mild, 4--6 was moderate and 7--9 being severe injury (hippocampus scored only to a maximum of 6). Brain region scored was summated for each animal to reach a total histopathology score for statistical analysis. A total score between 0 and 15 was classed as mild brain injury, 16--30 was moderate injury and 31--45 was severe injury.

Magnetic Resonance Imaging {#Sec26}
--------------------------

MRS was performed on a 7-T Bruker ClinScan PET-MR scanner. A single spectrum was obtained in the fronto-parietal area of the brain from a 15-mm^3^ voxel utilising point resolved spectroscopy with the following parameters applied: TR = 1500 ms, TE = 136 ms and 192 averages. Spectra were analysed with jMURI using the AMARES method and phased manually \[[@CR130]\]. Apodisation (10 Hz) was applied to NAA, Cr and Cho peaks with Lorentzian peaks prior to quantification, while Lac was represented by a broad inverted peak. Lac was therefore quantified 180^0^ out of phase using the Gaussian peak. Ratios were determined for Lac/Cr, Lac/NAA, Lac/Cho, Lac/Glx, Glx/NAA, Cho/Cr, NAA/Cho and NAA/Cr.

In Silico Analysis of miRNA Target Genes {#Sec27}
----------------------------------------

Human miRNAs were searched on the miRDB database \[[@CR131]\] which allowed retrieval of a list of predicted target genes. Each gene featured in the list was assigned a score. Scores ≥ 60 were deemed reliable, and those below were excluded due to uncertainty of validity, as per the miRDB guidelines \[[@CR132], [@CR133]\]. The lists of reliable target genes were inserted into <http://bioinformatics.psb.ugent.be/webtools/Venn/> which created tables of the genes which were targeted by a single miRNA along with common miRNA targets. These interactions were visualised as a chord diagram utilising the 'circilize' package in R 3.5.2 \[[@CR134]\].

The previously generated lists of target gene symbols were then inserted into EnrichR \[[@CR135]\] which allowed examination of the most significant KEGG pathways and gene ontologies (biological and molecular) associated with each list sorted by *p* value. These lists were then cross-referenced to determine whether any miRNAs shared common pathways and common targets within these pathways.

Statistical Analysis {#Sec28}
--------------------

Differential expression analysis (Table [1](#Tab1){ref-type="table"}) was performed using the voom and limma edgeR packages \[[@CR103], [@CR136], [@CR137]\]. Following on from this, empirical Bayesian moderation was applied by borrowing information across all miRNAs to obtain more precise estimates of variability. Significance in miRNAs was defined using an adjusted *p* value, with a 5% cutoff \[[@CR138]\]. Three contrasts were performed using the differentially expressed miRNAs identified in the RNA-seq data: moderate-severe vs control, moderate-severe vs mild and moderate-severe vs perinatal asphyxia.

All statistical analyses for physiological data, immunopathology and immunocytochemistry scores, MRS data and qRT-PCR findings were performed using IBM SPSS Statistics 24 (SPSS Inc., Chicago, Illinois, USA) and GraphPad Prism 7 (Graphpad Software Inc., San Diego, CA, USA). All data were analysed on a case versus control basis using two-way ANOVA with post hoc Fishers LSD test, independent samples *t* tests or Mann-Whitney *U* tests depending on distribution of the datasets. Statistical significance (2-tailed) was set at *p* ≤ 0.05. All 2∆∆CT qRT-PCR data was log~1\ 0~ transformed prior to analysis.

Spearman's correlations were performed for MRS ratios, scaled histology scores and miRNA expression absolute values at 1 h. All values were reported as correlation coefficients (*r*□), with *p* ≤ 0.05, and when corrected for multiple comparisons *p* = 0.0033 with a Bonferroni correction applied. Linear regressions were performed for MRS ratios, scaled histology scores and miRNA expression values at 1 h. All values were reported as (*R*^2^), with *p* \< 0.05.
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**Highlights**

• Altered miRNAs are potential HIE markers, detectable in the first hour of life.

• Altered miRNAs were found consistently in both humans and a porcine model.

• These miRNAs are miRs 374a, 181b, 181a, 151a, 148a and 151a.

• These are correlated with gold standard MRS markers of neonatal encephalopathy.

• Inhibition of miR-181a may confer neuroprotection via the BMP signalling pathway.

• miRNA biomarkers may allow timely diagnosis and therapeutic interventions for HIE.
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